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As it is very promising to expect a discovery of CP violation in the leptonic sector,
the precision measurement of the Dirac CP phase δCP is going to be one of the key
interests in the future neutrino oscillation experiments. In this work, we examine the
physics reach of the proposed medium baseline muon decay experiment MOMENT.
In order to identify potential bottlenecks and opportunities to improve CP precision
in MOMENT, we investigate the effect of statistical error, systematic uncertainties,
fraction of the muon beam polarity, and adjusting the baseline length to match the
first or second oscillation maximum on the precision measurement of δCP. We also
simulate superbeam experiments T2K, NOνA, T2HK and DUNE in comparison and
complementary to MOMENT. To reach the precision of δCP at 10◦ or better at 1σ
confidence level, we find it sufficient to combine the data of MOMENT, DUNE and
T2HK.
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1 Introduction
Neutrino physics has experienced a steady flow of progress since the confirmation of neutrino
oscillations was made in Super-Kamiokande and Sudbury Neutrino Observatory nearly two
decades ago [1, 2]. This has been achieved in the many reactor, solar, atmospheric and
accelerator neutrino experiments that have operated since then.
The oscillation of three neutrinos can be parametrized in terms of six physical vari-
ables [3, 4, 5]: the three mixing angles θ12, θ13 and θ23, the two mass-squared differences
∆m221 = m
2
2 −m21 and ∆m231 = m23 −m21, and the Dirac CP phase δCP. These parameters
have been measured to a high precision (see Refs. [6, 7, 8] for reviews). Whereas the best-fit
values of the so called solar parameters θ12 and ∆m221 have been determined with the relative
precisions of 14% and 16% at 3σ confidence level (CL), respectively, the precision of the so
called reactor mixing angle θ13 is 8.9% [6]. The value of the atmospheric mixing angle θ23 is
less precisely known, with 27% at 3σ, and it is not well known whether it resides in the high
octant θ23 > 45◦, or the low octant, θ23 < 45◦. The sign of the atmospheric mass splitting
∆m23`, where ` = 1 for the normal ordering (m1 < m2  m3) and 2 for inverted ordering
(m3  m1 < m2), is currently unknown, but its magnitude |∆m23`| has been measured with
the relative precision of 7.6%. Most recently, a global fit from the neutrino oscillation data
has provided a best-fit for the Dirac CP phase at δCP ' 217◦, when the mass ordering is
normal, and δCP ' 280◦ when the ordering is inverted [6]. The signal remains statistically
insignificant, however, and nearly all of the theoretically possible values δCP = 0...360◦ are
available within the 3 σ CL bounds.
Precision measurements on the neutrino oscillation parameters open up an opportunity
to search for the origin of neutrino mixing, e.g. a flavour symmetry [9]. One of the key
parameters in discriminating between the various available flavour symmetries is the Dirac
CP phase δCP, which is desirable to be known by approximately 10◦ uncertainty at 1σ
CL in the event where the value δCP is confirmed to lie near 270◦ (see e.g. Ref. [10]).
The precision measurements of δCP in future experiments have been previously discussed in
Refs. [11, 12, 13, 14].
Future neutrino oscillation experiments will play an important role in curtailing the
error on δCP. In this work, we investigate the precision measurement of δCP in the MuOn-
decay MEdium baseline NeuTrino beam facility (MOMENT) [15]. MOMENT is proposed
to use a novel approach to generate a very intensive beam of neutrinos and antineutrinos
via the decay of positive and negative muons, which allows to survey neutrino oscillations in
eight different channels. In the past, MOMENT and its physics potential have been studied
in CP violation discovery [16, 17], non-standard neutrino interactions [17, 18] and invisible
neutrino decays [19].
In the present work, we study the physics potential of MOMENT in the standard three
neutrino oscillations and compare its sensitivities with those of the currently running long
baseline neutrino experiments T2K [20] and NOνA [21], as well as the next generation ex-
periments T2HK [22] and DUNE [23]. We find that MOMENT has an excellent sensitivity
for the precision measurement of δCP at its current best-fit values. We also find that MO-
MENT can measure δCP by 15◦ uncertainty or better at 1σ CL for approximately 76% of
its currently allowed values.
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This paper is organized as follows: In Section 2, we review the oscillation probabilities
relevant for MOMENT and discuss the role of the first and second oscillation maxima in the
precision measurement of δCP. In Section 3, we give a brief introduction to the experimental
setup of MOMENT and describe how its simulation is done in this work. We present the
results of this work in Section 4, and summarize our findings in Section 5.
2 A brief review of the oscillation probabilities in CP
precision
In this section, we perform an analytical study on the neutrino oscillation probabilities that
are relevant for δCP precision in the experiments considered in this work.
The precision on the δCP parameter can be extracted in neutrino oscillation experiments
by comparing the spectral data from the neutrino and antineutrino oscillation channels. In
conventional beam experiments such as T2K and NOνA, the sensitivity to the δCP parameter
is mainly facilitated by comparing the measured event and energy spectra in the appearance
channels νµ → νe and ν¯µ → ν¯e, from which the value of δCP can then be resolved.
Neutrino experiments based on muon decay are different from superbeams by the number
of oscillation channels which can be used for the determination of the δCP value. MOMENT,
for example, benefits from the simultaneous access to the channels νe → νµ and ν¯µ → ν¯e
when the experiment runs in the µ+ beam mode, and to their conjugate channels ν¯e → ν¯µ
and νµ → νe when it is in the µ− mode. When the corresponding disappearance channels
are taken into account, the experiment gains access to eight channels in total.
Let us begin by considering the oscillations of the neutrinos that originate from the
µ+ beam. The probabilities for the appearance channels νe → νµ and ν¯µ → ν¯e can be
approximated with the following analytical expressions [11, 13, 24]. Taking the quantity
ε ≡ ∆m221/∆m231 to be small, such that sin2 θ13 ∼ O(ε), the appearance probabilities can
be expressed in powers of ε. For example, in the case of νe → νµ channel, one gets
Pνe→νµ = P1 + P3/2 +O(ε2). (1)
Whereas the first-order term P1 is independent of δCP,
P1 =
4
(1− rA)2 sin
2 θ23 sin
2 θ13 sin
2
(
(1− rA) ∆L
2
)
, (2)
the other term depends on the value of the δCP parameter:
P3/2 = 8 Jr
ε
rA (1− rA) cos
(
δCP − ∆L
2
)
sin
(
rA ∆L
2
)
sin
(
(1− rA) ∆L
2
)
. (3)
In the above expressions Jr = cos θ12 sin θ12 cos θ23 sin θ23 sin θ13 is the reduced Jarlskog
invariant, L is the baseline length and E is the energy of the neutrino or antineutrino. The
matter effects enter the probability via rA = 2
√
2GF Ne/∆m
2
31, where Ne is the electron
number density and GF the Fermi coupling constant, and ∆ ≡ ∆m231/2E.
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As is apparent in Eqs. (1–3), the sensitivity to δCP arises from the P3/2 term, which
is dependent on the value of δCP through cos(δCP − ∆L/2). The maximum value of P3/2
is therefore attained when ∆L/2 = (2n + 1)pi/2, n = 0, 1, 2,..., and the minimum when
∆L/2 = npi, respectively. The first oscillation maximum is said to occur when ∆L/2 = pi/2,
and the second oscillation maximum when ∆L/2 = 3pi/2. When the oscillation probability
is at its first oscillation maximum, the dependence on δCP can be approximated as P3/2 ∝
+ sin δCP. Correspondingly, when the condition for the second oscillation maximum is met,
the dependence takes the form P3/2 ∝ − sin δCP.
The other probability relevant to the µ+ beam, Pν¯µ→ν¯e , can be conveniently obtained
from Eqs. (1-3) via the transformation rA → −rA. Knowing that the matter potentials are
small in medium-baseline experiments like MOMENT, we remark that Pνe→νµ and Pν¯µ→ν¯e
take approximately the same size and shape.
When the oscillations originating from the µ− beam are concerned, the relevant oscilla-
tion channels for δCP measurements are νµ → νe and ν¯e → ν¯µ. The expression for the νµ → νe
probability can be acquired from Eqs. (1–3) through the transformation δCP → −δCP. This
changes the sign in Eq. (3), so that P3/2 ∝ − sin δCP in the first oscillation maximum and
P3/2 ∝ + sin δCP in the second maximum, respectively. The probability for ν¯e → ν¯µ can be
similarly obtained via the transformations δCP → −δCP and rA → −rA, leading to similar
behaviour near the first and second oscillation maxima.
One can make an estimate on the size of the relative uncertainty that is attainable on
the true value of δCP in a neutrino oscillation experiment [11, 13]. Owing to the sinusoidal
nature of the sin δCP term in P3/2, one can expect the best resolution to the individual values
of δCP near the CP conserving values δCP = npi = 0, pi, 2pi,..., and the worst resolution near
δCP = (2n+1)pi/2 = pi/2, 3pi/2,..., respectively. When the oscillations take place in vacuum
(rA = 0) the correspondence is exact, whereas the presence of matter effects shifts the
maximal and minimal sensitivities away from their respective values in vacuum. In such a
case, the direction of the shift corresponds to the sign of ∆m231, as well as to the CP phase
of the neutrino/antineutrino beam.
In this work, we focus on analysing the physics reach of MOMENT. The simulation of
MOMENT is done with the General Long-Baseline Simulator (GLoBES) library [25, 26]
following the simulation details that were defined in Ref. [18]. The relevant oscillation
probabilities for MOMENT are presented in Fig. 1, where the oscillation probabilities cor-
responding to ν¯µ → ν¯e and νe → νµ transitions are plotted for the true values δCP = 0◦, 90◦,
180◦ and 270◦ with solid, dashed, dotted and dot-dashed lines, respectively. The electron
neutrino fluxes used in our simulation of MOMENT are illustrated with the solid red lines.
The fluxes are given in units of ν/m2/0.02 GeV/200 d and defined at the source.
As is apparent from Fig. 1, the neutrino fluxes used in our simulation of MOMENT
can be sensitive to either the first or second oscillation maximum. The electron neutrino
fluxes shown in the figure peak at E ' 100 MeV, corresponding to the second oscillation
maximum at the default baseline of L = 150 km. In principle, the experimental setup
could be optimized for the first oscillation maximum by moving the detector closer to the
beam facility, such that L = 50 km. This configuration could alternatively be sought by
configuring the neutrino beam to peak at the energies E ' 300 MeV.
Fig. 1 illustrates the effect of varying the δCP parameter in the appearance probability
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Figure 1: The transition probability for the νe → νµ channel, presented for the values δCP =
0◦, 90◦, 180◦ and 270◦. The probabilities are shown as functions of the neutrino energy E =
0...800 MeV. In the left panel, the probabilities are shown for the experimental configurtion
where the baseline length L is optimized for the second oscillation maximum (L = 150 km).
In the right panel, the probabilities are correspondingly shown for the first oscillation max-
imum (L = 50 km). For convenience, the simulated electron neutrino fluxes for MOMENT
are shown with the red boxes. The fluxes are given in units of 1014/m2/ 0.02 GeV/ 200 d.
P (νe → νµ). In the left panel of the figure, the probability for δCP = 0◦ is nearly three times
larger than the probability for δCP = 270◦, when neutrino energies near the second oscillation
maximum are considered. In the right panel, on the other hand, the variation near the first
oscillation maximum is less significant, though the wider shape of the oscillation maximum
can be expected to yield a greater number of events.
3 Simulation details
In this section we describe the experimental setup of MOMENT that is assumed for the
simulations. The schematic design of the beam facility is presented in Ref. [15].
MOMENT entails a novel idea of producing a very intense neutrino-antineutrino beam
at relatively low energies. In the plan, MOMENT includes a 1.5 GeV proton linac and a
10 mA proton driver, and it is aimed to produce a 15 MW proton beam in a continuous
wave. The proton beam is proposed to hit a mercury jet-target, creating a beam of charged
mesons mostly consisting of pions and kaons. The number of protons expected to hit the
jet-target is 1.1×1024 per year. Super-conducting solenoids are then used to select pions
of the desired energy range to be led to a decay tunnel. The selected pions decay in the
tunnel into positively and negatively charged muons, which are further led to a 600 m decay
tunnel where they can decay into neutrinos and antineutrinos. Whereas the positively
charged muons decay into positrons and νe ν¯µ pairs, the negatively charged muons decay
into electrons and ν¯e νµ pairs. The resulting beam of neutrinos and antineutrinos is expected
to peak roughly at 200 MeV energy.
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Table 1: The experimental inputs assumed in the simulation of MOMENT, representing the
reference design studied in this paper.
Parameter Value
Beam power (MW) 15
Fiducial mass (kt) 500
Running time (yr) 5+5
Baseline length (km) 150
Average matter density (g/cm3) 2.7
Energy resolution 0.085×E
Energy window (MeV) [100, 800]
Number of bins 20
Bin width (MeV) 35
In the original proposal [15], the beam facility is proposed to be placed on the China-ADS
site whereas the location of the far detector is suggested to be near the JUNO far detector
site, constituting a baseline of 150 km length. A far detector of approximately 500 kton
mass has been suggested for this purpose. In previous works (see e.g. Ref. [18]), a Water
Čerenkov detector with Gd-doping has been considered due to its excellent performance at
low energies.
In this work, we simulate a 10-year-long run in MOMENT, shared evenly between the
µ+ run and the µ− run. The simulation details concerning the detector as well as the beam
are summarized in Table 1. The information of the detector design follows the description
given in Ref. [27], Gd-doping technology in Ref. [28], and atmospheric neutrino background
suppression in Refs. [29] and [30]. The neutrino and antineutrino fluxes are based on a Monte
Carlo simulation provided by the accelerator working group [18], assuming 1.1×1024 POT
per year (corresponding to 3.8×1021 neutrinos per year). The cross sections for the charged
current and neutral current processes are taken from Ref. [31], respectively. In order to make
a comparison or a combination of different experiments, we also include the simulations of
T2HK and T2K [32, 33, 34], NOνA [35, 36], and DUNE [37].
From now on, we briefly describe how the χ2 values are calculated, what parameter
values are used in the simulation. The central values for the oscillation parameters are
taken from the corresponding best-fit values, which are summarized in Table 2.
The statistical part of the χ2 function is calculated with the well-known Poissonian [25]:
χ2(~ω, ~ω0, ζsg, ζbg) =
20∑
i=1
2
[
Ti −Oi
(
1− ln Ti
Oi
)]
, (4)
where ~ω ≡ (θ12, θ13, θ23, δCP, ∆m221, ∆m231) and ~ω0 are the so called test and true values
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Table 2: The current best-fit values and 1σ uncertainties for the neutrino oscillation pa-
rameters [6]. These values are shown for both mass orderings and are taken from a recent
global analysis. Note that ∆m23l stands for ∆m231 in normal ordering (NO) and ∆m232 in
inverted ordering (IO).
Parameter Central value ± 1σ (NO) Central value ± 1σ (IO)
θ12 (◦) 33.82 ± 0.78 33.82 ± 0.78
θ13 (◦) 8.61 ± 0.13 8.65 ± 0.13
θ23 (◦) 49.7 ± 1.1 49.7 ± 1.0
δCP (◦) 217 ± 40 280 ± 25
∆m221 (10−5 eV2) 7.39 ± 0.21 7.39 ± 0.21
∆m23l (10−3 eV2) 2.525 ± 0.033 -2.512 ± 0.034
of the oscillation parameters, ζsg and ζbg are the nuisance parameters describing the overall
normalization error for the signal and background events, respectively. Oi and Ti = Ti are
the observed (true) and expected (test) events, which are calculated from true and test
values ~ω0 and ~ω as Oi(~ω0) = N sgi (~ω0) +N
bg
i (~ω0) and Ti(~ω, ζsg, ζbg) = (1 + ζsg)N
sg
i (~ω) + (1 +
ζbg)N
bg
i (~ω), where N
sg
i and N
bg
i represent the expected numbers for signal and background
events, respectively.
The χ2 value corresponding to a neutrino signal, e.g. from events originating from
νe → νµ oscillation, is estimated from the Poissonian shown in Eq. (4) after including the
systematics with the conventional pull method and applying the experimental uncertainties
with the priors:
χ2(~ω0) = min
~ω,ζsg,ζbg
[
χ2stat (~ω, ~ω0, ζsg, ζbg) +
ζ2sg
σ2sg
+
ζ2bg
σ2bg
+
6∑
k=1
(
ωk − (ω0)k
σk
)2]
, (5)
where σsg and σsg are the errors associated with the nuisance parameters ζsg and ζbg, re-
spectively. The minimization in Eq. (5) is first performed over the nuisance parameters ζsg
and ζbg and then over the test values ~ω.
The overall χ2 distributions are calculated by summing the χ2 values corresponding to
the relevant oscillation channels in the simulated experiment. Each channel is assigned with
a signal and background error σsg and σbg, whereas the priors are taken from Table 2.
The precision on the δCP parameter can be conveniently expressed with ∆χ2 = χ2−χ2min,
which is defined as the difference of χ2 calculated at an arbitrary test value of δCP and at
a value that is taken to be its true value. Throughout this work, we calculate ∆χ2 by
minimizing over all oscillation parameters except for δCP, and assuming the neutrino mass
ordering and θ23 octant be known.
We express our results in terms of ∆δCP, which we define as the average of the higher
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and lower deviations from the expected central value, that is,
∆δCP =
δupperCP − δlowerCP
2
, (6)
where δupperCP and δ
lower
CP are the upper and lower bounds, respectively, that can be expected
to be attainable in the simulated neutrino experiment. In this work, we focus on the 1σ
confidence level, at which it is sufficient to approximate ∆χ2 as a χ2 distribution of one
degree of freedom. Here δupperCP and δ
lower
CP are determined as the fit values that satisfy the
requirement ∆χ2 = 1.
4 Precision measurement of δCP in MOMENT
We present the results of our work in this section. In Section 4.1, we show sensitivity to the
Dirac CP phase δCP in MOMENT. We compare the sensitivities of MOMENT with those
of currently running long baseline oscillation experiments T2K and NOνA, and proposed
next-generation experiments T2HK and DUNE. In Section 4.2, we investigate the impact
of several experimental parameters on the δCP sensitivity in MOMENT. More specifically,
we study the effects of statistics, systematics and beam polarity. We also discuss the effect
of the second oscillation maximum in the measurement of δCP. Finally, in Section 4.3, we
study the complementarity of MOMENT and the long baseline neutrino experiments in the
precision of δCP.
4.1 Sensitivity to the δCP parameter in MOMENT
The sensitivity to the δCP parameter measurement is illustrated in Fig. 2. The figure presents
the values of ∆χ2 as function of δCP = 0◦...360◦, which are inserted as test values in Eq. (5).
The true value of δCP is taken to be δCP = 217◦ when the normal ordering (NO, m1 <
m2  m3) is assumed, and δCP = 280◦ when the ordering is taken to be inverted1 (IO,
m3  m1 < m2). The ∆χ2 distributions are shown for δCP in T2K (red), NOνA (blue),
DUNE (dashed), T2HK (dotted) and MOMENT (solid black). For convenience, the 1σ, 2σ
and 3 σ confidence level contours are shown with the lines ∆χ2 = 1, 4 and 9, respectively.
Our results predict excellent sensitivities to the precision of the δCP parameter in MO-
MENT. As can be seen in Fig. 2, the sensitivities of MOMENT can be expected to be
comparable with those of future long baseline experiments DUNE and T2HK, and superior
to those of currently running long baseline experiments NOνA and T2K.
As far as NO is concerned, MOMENT provides the most stringent constraints on δCP
at all confidence levels. In this setting, our simulations predict a ∆χ2 distribution that is
centered at δCP = 280◦ and is symmetric for higher and lower δCP values. When the ∆χ2
distribution of MOMENT is compared with that of T2HK, we find the sensitivity to δCP
in MOMENT to be slightly greater than it would be in T2HK. When IO is assumed, we
1The values of δCP = 217◦ (NO) and δCP = 280◦ (IO) correspond to the current best-fit values from
fitting to the global neutrino oscillation data. The fits include the atmospheric neutrino data from Super-
Kamiokande [6].
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Figure 2: The sensitivity to the δCP parameter in neutrino oscillation experiments. The
∆χ2 distributions of the δCP parameter are shown for its allowed values δCP = 0◦...360◦. The
1σ, 2 σ and 3σ confidence levels are shown with the dashed lines corresponding to ∆χ2 =
1, 4 and 9, respectively. The sensitivities are shown for MOMENT, T2HK, DUNE, NOνA
and T2K, and for both normal (NO) and inverted mass orderings (IO).
predict stricter constraints in MOMENT for δCP values higher than 280◦, but we also find
that its sensitivities are correspondingly relaxed for the lower values of δCP.
Overall, however, we find the sensitivities of MOMENT, DUNE and T2HK to be compa-
rable or nearly comparable in constraining δCP, whereas the sensitivities of T2K and NOνA
are inferior.
4.2 Optimizing the δCP measurement in MOMENT
Though the physics reach of MOMENT has been studied in a number of references [16, 17,
18, 19], it should be stressed that the experimental setup of MOMENT is still open. In this
section we investigate the relevance of four different characteristics related to the experimen-
tal setup in the precision measurement of the δCP parameter. More specifically, we study
how statistics, systematics, beam sharing and baseline length affect ∆δCP in MOMENT.
4.2.1 Statistical uncertainties
We first want to understand the relevance of statistics on the determination of ∆δCP in
MOMENT. We investigate this by studying the dependence of ∆δCP on the running time
of the experiment. In Fig. 3, ∆δCP is shown as function of the total running time of the
experiment, shared evenly between the µ+ and µ− modes. Since ∆δCP also depends on the
true value of δCP, we present the ∆δCP contours for δCP = 0◦, 90◦, 180◦ and 270◦. We remark
that NO and IO yield nearly identical numerical results.
Fig. 3 shows how increasing the total running time of the experiment, where the muon
beam is shared evenly between the µ+ and µ− modes, leads to an improved result on ∆δCP.
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Figure 3: The effect of statistics on the precision measurement of δCP. The 1σ confidence
level uncertainties for δCP are shown as a function of the total running time of the experiment.
The ∆δCP distributions are shown for the true values δCP = 0, 90◦, 180◦ and 270◦. The
results are independent of the mass ordering.
For the CP conserving values δCP = 0◦ or 180◦, the sensitivity becomes rather difficult
to improve after 10 years of running. For example, doubling the running time from 10
years to 20 years improves the estimate on ∆δCP by less than 2.1◦. Increasing the running
time further after 20 years leads to smaller improvements. For the maximally CP violating
values δCP = 90◦ and 270◦, on the other hand, similar increases in running time leads to
more significant improvements. All results are obtained at 1σ CL.
One should keep in mind that increasing the running time is but one method to increase
the statistics of the experiment. In principle, doubling the total running time is equivalent
to doubling the fiducial mass of the detector or the intensity of the neutrino beam.
4.2.2 Systematic uncertainties
We next want to study the impact of the systematics on the precision of δCP in MOMENT.
The importance of systematics is illustrated in Fig. 4, where ∆δCP is plotted at 1 σ CL
as a function of δCP. The results are presented for four different values of σζsg , which we
choose to be 2%, 5%, 10% and 15%. These errors correspond to the systematics arising from
the overall normalization of the signal events, and it is set for relevant oscillation channels
considered in this work. We assume a uniform signal normalization error in all signal events.
As is apparent from Fig. 4, the estimate on ∆δCP at 1σ CL correlates with the considered
systematics significantly for all values except the maximally CP violating values δCP = 90◦
and 270◦. This behaviour can be tracked back to the origin of CP sensitivity in sin δCP
(see Section 2). Hence, one may say that whilst δCP precision is dominated by systematics
near the CP conserving values 0◦ and 180◦, any improvements on the precision must be
obtained through the increase of statistics near maximally CP violating values 90◦ and
270◦, respectively.
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Figure 4: The effect of the systematics on the precision measurement of δCP. The 1σ
confidence level uncertainties for δCP are shown as a function of values δCP = 0◦...360◦. The
uncertainties are shown for four different scenarios where the systematic error on the signal
normalization is set to either σζsg = 2%, 5%, 10% or 15%. The results are shown for both
normal (NO) and inverted ordering (IO).
We note that the simulation setup we defined for MOMENT in Section 3 leads to a
sensitivity that is very similar to the 2% curve in Fig. 4. The default setup assumes a 2.5%
systematic error on all appearance channels and 5% error on disappearance channels. The
overlapping with the 2% error curve therefore highlights the importance of the appearance
channels in the precision measurement on δCP.
4.2.3 Beam polarity
We next set our focus on the importance of the beam polarity in the precision of the δCP
parameter. MOMENT is known to produce neutrinos by generating beams of µ+ and µ−,
which are assumed to be produced in equal amounts in our baseline setup. This is one
of the characteristics that can be changed in MOMENT. In Fig. 5, we show how ∆δCP
(1σ CL) changes for δCP = 0◦, 90◦, 180◦ and 270◦ when the beam time is shared between
the two polarities in asymmetrical running times. For this purpose, we define the quantity
µ+/(µ+ +µ−) as the fraction at which MOMENT runs in µ+ mode, whereas the rest of the
10-year-long running time is dedicated to µ− mode.
The following observations can be made from Fig. 5: For the CP conserving values δCP =
0◦ and 180◦, we find a mild preference for the symmetrical running of 5+5 years. When
δCP = 90◦ or 270◦, a pure µ+ beam run is preferred instead, though it should be noted that
the preference for the 10+0–year running time is not significant in the case of δCP = 90◦.
We remark that the results presented in Fig. 5 were obtained when NO was assumed.
We find the difference to be negligible when IO is considered.
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Figure 5: The effect of beam polarity on the precision measurement of δCP. The 1σ confi-
dence level uncertainties for δCP are shown as a function of the fraction at which MOMENT
operates in µ+ mode, whereas the rest of the operation is run in µ− mode. The uncertain-
ties are shown for δCP = 0◦, 90◦, 180◦ and 270◦. The results are independent of the mass
ordering.
4.2.4 First and second oscillation maxima
We also study the effect of the first and second oscillation maxima in the precision on δCP pa-
rameter. The first oscillation maximum occurs when the condition ∆L/2 ≡ L∆m231/4E =
pi/2 is met. For the proposed baseline length of MOMENT, L ' 150 km, the second oscilla-
tion maximum occurs for neutrino energies E ' 300 MeV. The second oscillation maximum
follows similarly from the equation ∆L/2 = 3pi/2, which indicates E ' 100 MeV. We can
therefore expect MOMENT to be sensitive to both the first and second oscillation maxima,
with more events coming from the second maximum.
In theory, the experimental setup of MOMENT can be optimized to match the first
oscillation maximum instead of the second one. In our simulation of MOMENT, the mean
value of the neutrino energies is E ' 200 MeV. For these energies, the first oscillation
maximum occurs at L ' 50 km and the second maximum at L ' 150 km. We therefore
choose to compare the sensitivity to ∆δCP at 1σ CL in MOMENT at baseline lengths 50 km
and 150 km. The results are shown for NO in Fig. 6. We find the results nearly identical
when IO is considered.
In Fig. 6, the ∆δCP distributions are shown in two scenarios. Whereas the solid line
illustrates the ∆δCP contour (1σ CL) as function of δCP values at 150 km baseline length,
the dashed curve corresponds to the ∆δCP contour at 50 km length with the same integrated
luminosity. Whilst the first case corresponds to the baseline setup of MOMENT, the latter
case corresponds to the situation where MOMENT is optimized for the first oscillation
maximum. It is evident from the figure that the second oscillation maximum leads to a
greater sensitivity on ∆δCP for all available values of δCP. This is true despite the fact that
at 50 km, the expected number of neutrino and antineutrino events at the far detector is
expected to be nine times higher in comparison to the 150 km baseline length.
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Figure 6: The effect of the first oscillation maximum on the precision measurement of δCP.
The 1σ confidence level uncertainty of δCP is shown for two baseline lengths, L = 50 km and
150 km, which correspond to the experimental configurations where MOMENT is optimized
for the first and second oscillation maximum, respectively. The results are independent of
the mass ordering.
4.3 Complementarity of MOMENT and superbeam experiments
in the measurement of δCP
In previous sections, we have investigated how well the parameter δCP can be measured
in MOMENT, and how the sensitivities of MOMENT compare with those of the currently
running and planned long baseline neutrino experiments. In this part of the work, we study
how precisely the value of δCP can be determined after MOMENT finishes running.
The complementarity of the superbeam experiments and MOMENT play an important
role in the determination of the δCP value at a high 1σ CL precision. Although MOMENT
has access to a greater number of neutrino oscillation channels and lower beam backgrounds
than superbeam experiments, the greater statistics provided by DUNE and T2HK near the
first oscillation maximum improve the expected resolution on δCP throughout its currently
allowed values. The inclusion of the currently running experiments T2K and NOνA, how-
ever, can be expected to yield a non-significant contribution due to their relatively limited
statistics.
In Fig. 7, we show the 1σ CL uncertainty of δCP as function of δCP values when the
simulated data from MOMENT is analyzed jointly with that of either DUNE (dashed line)
or T2HK (dotted), and in the event when the data from all three experiments is analyzed
together (dot-dashed). We also present the expected sensitivity to ∆δCP at 1σ CL also for
the event when only the data from MOMENT is analyzed.
Basing on the results shown in Fig. 7, we find that MOMENT has an appreciable
sensitivity to measure the δCP parameter at 1 σ CL. After 10 years of taking data, MOMENT
can be expected to determine the value of δCP by greater than 20◦ resolution throughout the
δCP value spectrum, and by 15◦ or better for 76% of the currently allowed values, regardless
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Figure 7: The 1σ confidence level uncertainty of δCP shown for four different combinations
of neutrino oscillation data. The results are shown for the currently allowed values of δCP
in normal ordering (NO) and inverted ordering (IO). The grey dashed lines represent the
benchmark values of ∆δCP = 10◦ and 15◦.
of the mass ordering. At the 10◦ discrimination level, we find MOMENT to be able to reach
the desired resolution for 34% and 33% of the values in NO and IO, respectively.
The 1σ CL constraints on the true value of δCP can be improved further when the
data from MOMENT is analyzed jointly with those of the currently planned long baseline
experiments T2HK and DUNE. When the data from DUNE and MOMENT is analyzed
together, we find the experiments to be able to measure the value of δCP by 10◦ or better
at 1σ CL for 60% of the values in NO, and for 59% of the values in IO, respectively. When
the data from DUNE is replaced with that of T2HK, on the other hand, the 10◦ coverage
extends to 76% and 79%. The most precise result can be expected from the scenario where
all three experiments are able to conduct their planned runs, in which case the value of δCP
can be determined at 1σ CL by at least 10◦ for 100% of the currently allowed values of δCP.
In our concluding remark, we briefly comment on the prospects of measuring the value
of δCP in the next-generation accelerator experiments when the true value of δCP is 270◦.
When the neutrino masses are normally ordered, we find MOMENT to be able to determine
the value of δCP by 15.9◦ at 1σ CL, whereas the inclusion of the DUNE data could improve
the precision to 13.2◦, and of T2HK to 10.9◦, respectively. Combining the data from all
three experiments could yield an overall resolution of 9.9◦, and 9.1◦ when MOMENT is let
to run entirely in µ+ mode. All results are obtained at 1σ CL. We obtained similar results
for the inverted mass ordering.
5 Summary
We have investigated the physics reach of MOMENT in the measurement of Dirac CP phase
δCP, and compared its sensitivities to those of the planned superbeam experiments T2HK
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and DUNE, as well as the running T2K and NOνA. With the proposed setup [15], we find
the sensitivities in MOMENT to be comparable with those of T2HK and greater than the
sensitivities simulated in DUNE, T2K and NOνA.
We have studied the effect of several experimental characteristics on the precision mea-
surement of δCP, in order to identify potential bottlenecks and opportunities for improvement
in MOMENT. We have investigated the effect of statistical and systematic uncertainties,
changing the fraction of the positive/negative beam polarity in the total running time,
and adjusting the baseline length to match the first or second oscillation maximum on the
precision measurement of δCP. Our results are summarized in Table 3.
The current design of MOMENT provides the advantage of delivering a low-background
beam where the systematic uncertainties can be assumed to be relatively low. This in turn
gives the experiment a leverage on measuring the value of δCP near the CP conserving values
of δCP = 0◦ and 180◦. An exception to this feature is seen near the maximally CP violating
values of δCP = 90◦ and 270◦, where systematics only play a small role and improvements
to the CP precision must be achieved by increasing the statistics.
The CP precision in MOMENT has been previously studied in Refs. [16] and [17], where
the simulated neutrino and antineutrino fluxes peak between 100...200 MeV. In the present
work, the results are presented for a configuration where the beam is optimized for the
second oscillation maximum. The beam fluxes described in this paper are also used in
Refs. [18] and [19]. We find that this setup leads to a greater resolution on δCP.
Altogether, we find that MOMENT has an excellent potential to constrain the δCP
parameter value to 10◦ or better at 1σ confidence level, when its data is analyzed together
with those of the proposed superbeam experiments T2HK and DUNE. The same resolution
can also be achieved in MOMENT alone by increasing its statistics by a factor of four.
We conclude this work with the following remarks:
• Our simulation shows excellent precision in the measurement of δCP in MOMENT.
With the proposed setup, the sensitivities in MOMENT are comparable with those of
T2HK and greater than those of DUNE.
• For the current best-fit values, MOMENT can reach the approximate precision of 9.9◦
at 1σ confidence level in normal ordering and 15.8◦ in inverted ordering, respectively.
• Many of the experimental parameters in MOMENT are still open for discussion. We
have found that in the case of δCP = 270◦, the highest precision on δCP can be obtained
when the experiment runs entirely in the µ+ mode.
• MOMENT can improve the δCP bounds from those of T2HK and DUNE significantly.
When the three are analysed together, we find that MOMENT can improve δCP pre-
cision to 10◦ or better at 1σ confidence level, regardless of the mass ordering or the
true value of δCP.
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Table 3: The impact of statistical error, systematic uncertainties, changing the fraction
of the positive/negative beam polarity in the total running time and adjusting the beam
energy and baseline setup to match the first and second oscillation maximum on ∆δCP for
δCP = 0◦, 90◦, 180◦ and 270◦ at 1σ confidence level. The values are shown for the normal
mass ordering. The final column shows references to the relevant figures.
δCP 0◦ 90◦ 180◦ 270◦ Figure
Running times Fig. 3
10 years 8.6◦ 17.3◦ 9.0◦ 15.9◦
40 years 5.4◦ 9.1◦ 5.7◦ 8.2◦
Systematics Fig. 4
2% 8.1◦ 17.2◦ 8.5◦ 15.8◦
15% 15.3◦ 17.9◦ 18.3◦ 16.3◦
Beam polarity Fig. 5
50%/50% 8.6◦ 17.3◦ 9.0◦ 15.9◦
100%/0% 10.4◦ 17.0◦ 11.1◦ 13.2◦
Oscillation maximum Fig. 6
1st max. 14.8◦ 23.1◦ 13.9◦ 22.7◦
2nd max. 8.6◦ 17.3◦ 9.0◦ 15.9◦
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